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SYMBOLS 



In tcra tonic spacing 

an^a betwaan th« Inoldant beam and the 
reflecting plane 

wivelength 

lattice parameter 

Miller indlcee 

camera to speclnen distance 

radius of the diffraction clx'cle 

angle between the Incident beea and the 
diffracted bee» 

angle between the incident beaa and the 
normal to the specimen surface 

eubaorlpt indicating perpendicular direction 

?oisiK>n*e ratio 

Young's modulus of elasticity 

stress 



strain 






03JaCT ; 

llio X-ray (diffraction method of stress meaeure- 
ment is the only known means of determining absolute stress 
magnitudes without measureraants in the unstressed condition. 
It is the objective of this thesis to Inveatlgate the 
feasibility of using this method in analysis of naval struc- 
tares both aboard ship and on models. 

MdlilOD ; 

X-ray weves of certain elements are comparable in 
length to atomic interplanr.r dlrtanoea of common structural 
materials. nis atomic Intorplansr distance of n given un- 
stressed material Is constant and rosy b® determined easily. 
Using the diffraction property of X-rays, the atoinlo inter- 
planar distance of the stressed material may be measured by 
reoordlng the diffraction pattern on X-ray film. fhe dif- 
ference between these two interplanar distances serves as a 
measure of the strain and may be converted, oy Hooke’s lew, 
to a stress meBoureraent. 

COHCLUSIQH ; 

The use of this method for stress measurements 
aboard ship or on models is entirely proctlcal provided 
X-ray equipment is designed for this epeolflc purpose and 
a suitable method of surface prcpsi*atlon Is developed. 
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RKCOii'.liuaDA nows : 



In using this method to investlgrte the streae 
distribution on an actual model, it ini'aedla tely became 
apparent that X-ray enulpisent of a portrble nature, con- 
Btructed specifically for etreos mecsurenients, must be 
designed for actual rnessureinents aboard ship, fhe proper 
preparation of the surface is a major factor In obtaining 
accurate reaulta. fhe currently accepted procedure, a 
drastic acid etch rith hsnd pollohlng followed by n ralld 
add etch, Is a long, tedious process not particularly 
adaptable to field ure. Son® experlcientation wr sj con- 
ducted In nn effort to reduce the tine and Irbcr involved 
in surface pr>^parf tion. A rer-conable technlcue wae de- 
veloped, but it Is felt that further inve'-tlgp tlon would 
result in an Improved technique. 
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i.\'fftODUc now 

otreeB Intensity is « baaio conoarn In nov&l atruc- 
turee elnce ae a criterion It meaeuree the success of any 
structure. Accurate evaluation of jnagnttudes in any and all 
parts of structure is vital, yet under many conditions 
laeasurement lo not possible at present -vlth the raethods used 
In the Navy, llie authors felt that nn endeavor aimed at In- 
creasing the possibilities of accomplishing stress measure- 
ment would be worth the effort. Accordingly, this thesis 
fttte-aipto an Investigation of the X-ray diffraction method of 
stress meagurement, a method which obviates destructive test 
and renders absolute ja&gnltudec without unloading. 

‘file viewpoint throughout this investigation will 
be that of the naval engineer and not that of the physical 
metallurgist. fne intent is to determine the adaptability 
of the method to use by the naval engineer, with nn eye 
toward spotlighting the advantages end ovarcorjlng the dis- 
advantages encountered. It la earnestly hoped that this 
thesis focuses attention upon the .'i-ray diffraction method 
and provides the full background necessary to any who would 
use this method in the Navy. 

HISTORICAL JdACmHOUHJ 

Stress measurement based on the dlffrnotlon of 

X-reys had its first beginnings some two decades past. 

Lester and Aborn^^^, in 1925, demonstrated that the spacing 
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of the atorolc planes In n crystal Is altered by stresses 
applied to the crystal, riiis spaclnf^ acts as a gage length 
and changes in this length actually constitute the elestlc 
strains of a stressed naterlal. ihey further introduced 
the use of this change as a means for determlnlnG stress 

through -<-rsy diffraction methods. In V)^0 end 1931. 

( 2 ) 

Oeraan InveBtlgetors applied the precision back-reflec- 
tion camera to the problem and succeeded in obtaining 
accuracy comparable to mechanical strain gages, but their 
methods produced only th« sum of the principal stresses in 
the surface of the material, Uevelopraent was rapid, how- 
ever, and within five yoaro dsrrett and bensaraer^ in 
this country, and Oiosen, Olocker and Osswald^ in 

Germany, had succeeded in developing methods which permitted 
determination of single stresses from exposure of the 
material in the stressed state alone, the unstressed value 
of the Intoi^laner spacing being determined from tvo measure- 
ments on the stressed material. 

By this time several Investlgatora^^^ were at- 
tempting to establish the accuracy of this method by 
measuring the stress in tensile or bending test specimens 
and compering values thus determined with the calculated 
stresses. Invariably ^<-ray stresses were lower than 
calculated stresses. Since the mechanical streps ’"as an 
average over the whole cross- section area, whereas the X-ray 
stress was that measured from several crystals oriented in 
certain directions, it was assumed that the discrepancy was 
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due to anisotropy of the Individual crystals. It was 
concluded that by altering the empirical values of the 
modulus of elasticity and of Poisson's ratio, rsasonahlo 
agreement could be obtained between X-ray determined 
stresses and mechanically measured stresses. However, 
opposing this, Holler and StrunJt^^^ determined that ex- 
perimental errors were greater than any discrepancies due 
to anisotropy. 

The most recent work in this category, by 
irsoz' in 19^^, Indicates that under certain conditions 
the values of the elastic modulus and iolsson'c. ratio, as 
commonly accepted, v/lll give ro&sonaoly accurate X-rsy stress 
values. His most important conclusion was that surface 
preparation had a definite effect upon X-ray stress values 
and, since none of the previous literature gave any indica- 
tion of the surface preparation accomplished on test speci- 
mens, preparation methods may have been the cause of the 
discrepancies. This is a most important conclusion. 

Theoretical development beyond this point seems 
to have been limited to refinement and no recent literature 
WPS uncovered having indication of important development of 
the method Itself. 

Application of the method which has been recorded 
has been confined to the study of residual stresses in 
welds^^^. The nature of the stress measurement problem in 
welds and the favorable conditions existing in weld mater- 
ial readily invite the use of this method of measurement. 
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Tho preclusion of other appllcstions during the unprece- 
dented use of welding in the war years is understandable. 

No literature was uncovered concerning other applications 
of X-ray stress measurement, 

jJKSCiUPTION OF S'yUIP»4£NT 

The equipment necessary, in general, is simple, 
consisting of few parts. Xa X-radlation tube la required, 
mounted so that it can be conveniently powered and cooled, 
and capable of intense monoohromatic radiation, windows 
must be arranged in the tube head to permit the egress of 
the X-ray bean. 

The camera is circular, consisting of a disc back 
and faceplate with a small hole at the center. In addition, 
porta are cut in the faceplate at quadrant points and 
backed with light-tight paper, so that only four arcs of 
the reflected cone of rays are recorded on the film. fhe 
camera is mounted on the tube head by means of a mounting 
block which supports a hollow shaft. Disc rnd faceplate 
must be exactly perpendicular to the axis of the shaft, A 
colllraatlng pinhole is placed inside the shaft to limit the 
beam end focus the diffraction image to a sharp line. Means 
must be provided for oscillating the camera through an angle 
lass than 30 degrees. The X-ray beam passes through the 
hollow shaft and the hole in the oemera to the specimen. 

In this work we used a tube manufactured by the 
Machlett Laboratories, possessing a ray-proof, shockproof 
housing Integral with the tube body, with the added feature 
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of being “ssnled off.** Thus continuous evacuation tss not 
required, as would have been were the tube not no. X-rnya 
were available at the snap of a srltch without danger - a 
decided advantage to Inexperienced operwtore. '?ater cool- 
ing wag supplied via flexible leads with a therrao static 
device which tui*ned off the tube if cooling w? ter failed. 

An Rssooiated transformer supplied the high voltage required. 

Counting is jsartloularly Iraportent if the struc- 
ture to be measured is large or ImKiovable. In this ^fork the 
tube was mounted on a stand consisting of s column support- 
ing an adjustable carriage. Mounting the tube upon this 
carriage pennitted movement of the tube and thus the beam 
direction in all planes, fhe photograph* (Flj^ures I, II) 
show this equipment and mounting. 

Inasmuch as alignment of the plane of the camera 
with the plane of the specimen is important, a device to 
accomplish this is required. A simple one consists of a 
small telescopic rod, with a pointer attached, of such 
diameter and tapered so as to fit into the hollow shaft 
of the earner.’! mounting block. The extended length should 
be such that when the device is in place and the pointer 
Just touches the specimen, desired specimen- to-fllm 
distance approximately exists. Upon the shaft of the 
pointer Is then mounted, with spring clip, a small angle 
plate, the edge of which is perpendicular or at ^5 degrees 
to the pointer axle. Specimen and camera can be thus 
aligned either parallel or at an angle of degrees in 
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FIGURE I 




Equipment and Model 




FIGURE II 
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Alignment of Camera 




an/ plane, figure II shoi'a this device 



TIi£0R3f 

Inasmuch as this presentation is directed toi^erd 
the practical aspects of X-ray diffraction, the theory 
necessary to the understanding of the joethod is recorded 
here briefly and simplified, for the naval engineer. For 
rigorous development and explariatlon of this theory, 
reference should be made to several of the texts listed 
in the Bibliography, and to the supplementary Introduction. 

The X-rsy diffraction method of stress raeasure- 
raent depends upon the property of X-rays that, if directed 
upon a substance, crystalline in nature, the X-rays are 
scattered by the atoms of this substance. If the atoms 
are arranged in a regularly repeating pattern, the scattered 
X-rays cooperate to build up diffracted waves. 

fhe fundamental theories of diffraction apply to 
these wavee. Consider a series of parallel planes with an 
incident ray, Lil-g, striking at an angle Q, and of wave- 
length L (Figure III). It cen be seen that for reinforce- 
ment 2d eln 0 = n L where n is an Integral number. This is 
the Bragg equation, which defines the distance, d, between 
planes in terms of the conetanta of the Incident ray. 

d * h L 

2 sin Q 

The structure of any metallic substance is one of 
regularly spaced atoms within a crystal, vlenes of atoms, 
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therefore, h- ve conctant ch.>- r^-cterlstlo spacing in any 
liireoCion when the aiat-^1 is unstressed. An incident 
A- ray, since the wavelength ic of the s- ao order of mag- 
nitude ae the inter-atomic spacing, will be reflected from 
these atomic planes in exsctly the manner as depicted In 
Figure III. Therefore, we may use the Bragg eQuatlon to 
determine the existent value of the spacing between the 
planes of Rtoras. 

It must be kept in mind that the distsnces 
between atoms and the distances between atomic planes 
differ. Although the distances between all atoms of an 
unstressed metal are the same {lattice parameter, a^), 
the distances between atomic planes differ Recording to 
which atoms make up the planes. This esn be seen from 
Figure IV. A system of lattice coordinates known as the 
*>llller indices Is used to designate planes. Iliese co- 
ordinstea are based on the number of parts into which the 
planes divide tlie lattice parameter. The Inteiplaner dis- 
tance is a function of the i^llV^r indices (h, k, l): 

d a fp 

yh2 + k2 l2 

'The spacing of the atomic planes in any direction 
varies with the state of stress of the metal in thet direc- 
tion. By elastic theory, the ratio of the change in d to d 
itself (or strain) 1$ proportional to the stress of the 
metal. 'This provl^^es the b’sLs upon which the method is 
developed, since the interplaner dl stance acts as a small 
strain gage. 
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Plff«rentlftting the s^ragg equation: 

Ad “ L CSC 0 cot OA<S 

2 

Ad «--cot ©As 
6 

By neans of the above equation the value of the 
Btrnln can be determined fron the change In the incidence 
angle. Ineenuch as direct measurement of the change in 
the incidence angle is Irapractlcnl, it ia necessary to 
find some other menas of determining this change. Con- 
sider B'lgure V. 

tan a » S 
7 

tan (ISO - ?a) » S 

n 

tan 20 « - 3 
n 

3 « H tsn 20 

AS*- -t sec^ 2© A © 

2 

A S =• + 2R sec 2© tan ©Ad i-,\ 



The value of the strain, Ad , ia thus proportional 
to the change in the radius of the diffraction circle re- 
corded on the film. The vslue, ( 4-2d see 20 tan © ), is 
called the magnification factor. It is considered constant 
for small changes in 0, The c train measured in this man- 
ner is actually that along N but for small angles, a ^ 

2 

Involved, the strain is considered along the normal to the 
surface. 
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Frora elastic theory, etraln In a given direction 



resulting from stresses in a plane perpendicular to this 
direction is given by: 

* - V ( Bx ^ ) 

Also, by definition: 

e, » ‘V ~ == Aji 

" do d 

There dp is the interplaner distance nisnsured in the 
stressed condition and d^ that in the unstressed condition, 

S a + sec^ 20 tan oj L“ I ^ ®x ®y O 
u. — E A S 

S + fly »= ^ 

2vH 890'=^ 20 tan 9 



or. 



^ fly “ K A S 



( 2 ) 



where K •» pound fl/lnch - reja. 

As* S( stressed) - S(ungtressed) in mn. 



This provides the sum of the principal stresses. 

It requires a raeasurcment of d in the stressed and in the 
unstressed conditions. 

For most conditions of use, it is deeirnble that 
a method be developed requiring only the measurement of d 
in the stressed condition and providing the stress in one 
direction alone. 

From Che ''ellipsoid of strain," 

®p “ «r " “ vV 

where Op 1« the strain measured in the normal to the surface 
and e^ is the strain measured at some angle ly but in the 
plane defined by the normal and the x direction. 
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3inc* the difference <lp**d it bb* 11 coapared to 
either d^, dp, or d , we may substitute 4^ for with 
negligible error. Substituting this in equation (l): 



S_ - 3 






2A seo 2^ tan 9 



l*^v p 



2 ^Sp — 

2(l'*hr) H eeo^ 29 ton 0^ >1/ 



or 



•x “ t 



( 3 ) 



where T ■ pounds/lnch - nm. 






This equation meets the requirements of per* 
aittlng calculation of a single stress from a perpendicular 
and an angle measurement of d in the stressed condition 
alone. 
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TJia ivodel uceci in thia lnv®gxigntlon woa de- 
al^ned to present a elraple problem of cone value and at 
the spjae tlrae to doinonetmte the particular advan sages 
of using this method of stress raer sur«:aent. A dlraen- 
elone ' oketoh of the moriel is sho’m In Figure XII and a 
photograph is preeentod in Figure XII-A. The plate wa« 
5 pound (I/S’*) raedlua steel having the following speci- 
flcfttlons! 



Federal Stock Catalogue 
Sr^l-S— b— urad® M 



Ihese carbon steel sheets for hull con- 
sti*uction work have &n overage ainiaiurn tensile 
strength of 60,000 pounds per square inch and 
tnaxlcsum carbon content of 0.31^. These sheets 
can be readily febrloated and welded. 

The Tec stiffener was a H'* x 2 3/3"* T cut from 
a 4'* X 2 3/‘5'* x f.7^ I. The model was fabricated by the 



iioaton Kaval Slilpyord. 
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If the reflected X-ray beam -^rere allowed to strike 
stationary ^<-ray film a conolderably diffused diffraction 
circle would result. In order to eliminate this diffusion 
and to give a distinct diffraction circle which is laore 
easily read, the camera was oscillated throu^ an angle of 
about 3*^ degrees by means of a small motor. Figure VI e}iows 
a diffraction circle caused by not oscillating the camera 
and Figure VII shows the diffraction circle from the same 
point when the camera is oscillated. 

In order to -obtain a true circle from the diffracted 
rays the X-roy beam must be perpendicular to the camera as 
it passes through the camera. The camera is mounted on the 
X-ray tube by means of four screws in oversized holes, thus 
permitting small laoveraents of the camera relative to the tube. 
Perpendicular pictures were taken of unstressed tungsten 
powder and diameters 90 degrees apart were measured, When 
movement of the camera brought these two diameters within 
0,1 inllllmoters the camera was assumed aligned. 

The surface preparation teclinique employed to re- 
move the surface layer was a combination of strong acid 
etch and electro-polishing. The acid used was a 30 ;^ solu- 
tion of concentrated nitric acid in water. The electrolyte 
employed was nltal (6^ nitric acid - 9’+^ alcohol). 

(ft) 

Originally, the tsohnlque employed by Ersoz'”' was used, 
but this wag not particularly adaptable to use in the field 
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FIGURE VI 




DIFFRACT I OK CIRCLE RESULTING 
FROM NON-OSCILLATED EX^^OSURS 



FIGURE VII 




DIFFRACTION CIRCLE RESULTING 
FROM OSCILLATED EXPOSURE 



FIGURE VIII 



FIGURE IX 




FILM RESULTING FROM EXCESSIVE 
TUNGSTEN LAYER 



FILM RESULTING FROM INSUFFICIENT 
TUNGSTEN LAYER 
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due to the time end labor involved. procedure finally 

used reduced the tirae involved considerably and practically 
eliminated the labor, fhe time involved is dependent upon 
the aiBount of material to be removed. 

As may be seen from the stress equation, the 
distance from the cojaera to the model is crltlci'.l and must 
be determined with great accuracy. This distance may be 
measured with a pair of Inside mlororaetors, but such a pro- 
cedure has not proved too eetisfaotory. Another end more 
satlsfoctory method of determining this f llra-to-speclmen 
distance is to use a metallic powder dusted on the surface 
of the model. This procedure results in two concentric 
diffraction circles on the film. Knowing ttuit the metallic 
powder is in the unatreaoed condition, the diameter of its 
diffraction circle may be determined for any selected filra- 
to-raod«l distance. By comperiaon of this diffraction olrcle 
diameter with that actually obtained, all film readings may 
be corrected to the selected fllm-to-model distance. This 
method of determining fllm-to-model distance has decided 
advantages over using micrometers, doadings are automatic- 
ally corrected for any film size variation in the developing 
pzTocess or due to temperature variations. It allows the 
constant in the stress equation to be calculated in advance. 
A permanent comparison is obtained on the filra itself, 
thereby permitting the results to be read at any time. 
?owdered tungsten was used throughout this InvestlM’atlon 
since it gives a diffraction circle eufflolently great in 
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diameter as not to Interfere with the Iron diffraction 
ring and yet small enough to remain on the film. A light 
layer of vescllne wae applied to the surface of the are? 
to be Investigated, Tungsten powder wes then dusted on 
the surface with e email cajoel's hair brush. Care must be 
tehen In applying the tungsten, as too much will obscure 
the iron ring end too little will make It difficult to 
determine the filra-to-speclmen distance. Figures VIII md 
IX illuatrfte these two conditions. The f lira- to-model 
distence selected for the determination of the constant In 
the stress equation was such as to give a tungsten diameter 
of 50 ralllliaeters. 

The X-rr*y tube and caraern rere mounted on the 
stand pictured In Figure X which allowed movement In all 
directions. The camera and tube were aimed by means of 
the distance piece and angle Indicator shown In Figure II. 
Forty-five kilovolts with a current of 10 rallllanpores 
was used. An exposure time of 12 minutes was found to 
give the moat satisfactory results. 

Having completed the exposure, the film Is de- 
veloped using standaivj photographic practices. Dlot'^nces 
on the film are detemlned by the use of a measuring box. 
This device oonslstc of a box topped by a frosted, light 
backed gl«8* on which Is mounted a scale (capable of re«d- 
Ings to 0.020 mm. ) and a traveling hair line. Headings are 
obtained by placing the hair line ''t the center of the dif- 
fraction line. Several roedlnge were made of each line and 
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Angle Exposure 



Perpendicular Exposure 






the results averaged. 

•H8 has been pointed out, in order to determine 
the stress in any one direction, two pictures must be taken, 
one perpendicular to the surface and one at an angle. The 
angle used was degrees corrected by the angle between 
the incident ray and the normal to the reflecting plane. 

From these two pictures the difference in the stress 

equation was measured. The diffraction circle obtained 
from the angle picture is not an exact circle but has be- 
come slightly ellptical end, in addition, the side of the 
fll)a closest to the camera gives a line which is narrower 
and more distinct. Figure a sho^7s an angle picture as 
compared to a perpendicular picture. 

In order to avoid the difficulties which would 
be encountered if it were necessary to roaesure the diameters 
of the diffraction circle directly, the A shown in F’igure 
XI is read. The difference between the A read from the 
perpendicular film end that road from the angle film is 
exactly equal to . 

Since 
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All values having been corrected to the standard 
subtracting one equation from the other gives 
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This raethod of determining the difference In 
the radii of the diffraction circles was used throughout 
the procedure. 
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rABLE II 



LUBfnCE PHiCPA •iATION 

i/iETHOD TIteE 

(Minutes) 


CALlB.-liii’ION 

R.-J.OINO 
( Inches) 


DEPTH 
OF CUT 
( Inches) 


CURRENT 
DENSITY, 
(Amp 3/ era' 


Start 
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0 


0.120 


- 




30y* Nitric Acid 


Etch 


20 


0.117 


0.003 




30^ Nitric Acid 


Etch 


10 


0.116 


0.001 




30^ Nitric Acid 


. Etch 


10 


0.115 


0.001 




30;^ Nitric Acid 


Etch(new) 


30 


0.113 


0.002 


- 
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0.1105 






Nltal Etch'D^ 




20 


0.1093 


0.G012 




Nital Etch 
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O.lOgg 


0 . 0005 
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Start 
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0.120 






Electro-Polish 


(Nltal) 
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0.11925 


0.00075 
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Electro-Polish 


(Nital) 
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0.11325 


0.001 
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Electro-Polish 


(Nltal) 
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0.11775 


0.0005 
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Start 
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0.121 






Electro-Polish 


(Nltal) 


15 


0.120 


0.001 
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Start 


(c) 
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0.120 






Electro-Polish 


(H3P04)'°'’ 


3 


0.120 


0 


1.5 


Start 




0 


0.120 






Electro-Polish 


(H3PO4) 


10 


0.119 


0.001 
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Start 




0 


0.121 







Electro-Polish 


(H3PO4) 


10 


0.120- 


O.OOl'*' 
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Start 
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0.121 






30^ Nitric Acid 


Etch 


10 




. 1 . 


. - 


Electro-Poll.5h 


(Nltal) 


10 


0.13.5 


0.006 
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Start 




0 


0.120 
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3O/6 Nitric Acid Etch 


10 








Electro-Polish 


(H3PO4) 


10 


O.llJl- 


0.006 
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Start^*^' 
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0.120 






30)*> Nitric Acid 


Etch 
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— 




Electro-Polish 


(Nltal) 


15 


0.1105 


0.0095 
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Start^ ® 


) 


0 


0.120 






30% Nitric Acid 


Etch 


3 


— 






Electro-Polish 


(Nital) 


12 


0.116 


0.004 


3 



(a) 30^ concentrated nitric acid, water. 

(b) 6/» concentrated nitric acid, alcohol. 

(c) 3^ parts by volume of sulphuric acid 

70 *• " " " phosphoric acid 

10 '* “ " water. 

(d) This method used in preparing surfaces of ground area. 

(e) This method used in preparing surfaces of area which 
had not been ground. 
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In general, the reaulte are ede-^uate to peralt 
foraulstlon of conclusions as to the feasibility of using 
this stress raaasurement method. As previously pointed 
out, the model was designed to present residual stress 
which could not be determined by s. non-dcstructlve test. 
Unfortunately, It was not expected that the stress distri- 
bution would be so complex, dstker, simple tensile 
stresses were anticipated with shsrp gradients across the 
plate in the vicinity of the weld, ’rjtis complexity pre- 
cluded the complete snslysla of stress dixtributlon in the 
plate. However, sufficient experience s-nd data were ob- 
tained to point out the advantages aai the disadvantages, 
and to Indicate the requirements of equipment end technique 
necessary to adapt the method to efficient use In the field. 
Alignment of the esaera so that tiie A»ray beam 
was perpemiicular to the plane of the oaaers was required 
In our equipment. In equipment specifloelly designed for 
stress measurement, this alignment need be done only onoe, 
at time of manufacture, and the onmere attached permanently 
on the tube in the proper position. Thus, this procedure 
would be eliminated entirely In normal use* 

Previous literature indicated the critical nature 
of the problem of surface preparation. Therefore, consider- 
able attention had to be given to this phase of the method. 
It was expected that the plate had a layer of cold worked 
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cSua to the rolling procese arid to the grinding 
which performed to smooth off the plat® in the weld 
vlolnlty. To detomlne actual plate stress, this layer 
had to be remorod. 

The procedure recomasended by airsoz, ae de- 
scribed in I>etaila of Procedure , was decided upon, 
i’olnt 1 (plate center) was prepared and the aeasurefflants 
1-A and 1-d in Table 1 and Figure XIII resulted, Ttiese 
exceeded greatly the entlolpeted values and it was con- 
cluded that the cold work layer had not yet been com- 
pletely removed, lieasureaents 1-S and 1-K,made during 
the second preparation, after the drastic etch but before 
the hand polishing, confirmed the conclusion of t.rso2 
tJist measurements of the highly pitted surface resulting 
from drastic etching nre considerably lower (l.e, , toward 
tero) than the ootual surface atreesea. The measurement 
rande after the rensindei* of Uraoi's procedure was carried 
out (l-F) ms considered to be the best value of the 
strese existing at Point 1. 

It was apparent at this stage that ^soz's pro- 
cedure, although satisfactory for laboratory use, was too 
long end too laborious a process to be readily used in 
the field. 

fne greatest difficulty in the arsoz method lay 
in the hand polishing of the drastically etched surface, 
iuch polishing had to be done with very fine polishing 
paper to avoid cold working again, and therefore required 
several hours. In an effort to overcome this disadvantage, 
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It felt that an electro- etching proceaa could be need 
to reiaove naterlal reasonably rapidly, yet leave reiaaln- 
Ing an unpitted surface. Various electro-polishing solu- 
tions were calibrated, as Indicated In Trble II. It can 
be seen that considerable time-saving was realised as 
compared with the hours of hand polishing, end It bor ras 
reduced to an abeolute alnlraum. The only "dvantage not 
realized was rapid removal of material. Thla suggeats 
the possibility of developing an etching solution which 
does remove material rapidly. 

Sufficient time wag not avellafale to continue 
the above research. Ag a final resort, a corapromls® method 
combining the use of the drastic etch to attain rapid 
material removal with the use of the electro-poll eh to 
attain a smooth surfsce wee calibrated (Table II). As 
indicated In Table II, this oomblnEtion provided the 
features desired of a surface preparation technique for 
field use. It was used throughout ths remainder of the 
investigation. 

Undoubtedly the single electro- etching process 
holds the best promise for a surface preparation method. 
Although the corapro-ei se method served our Irficiediate pur- 
pose, it is felt that to adapt the X-ray method to general 
use the single electro-etch process should be developed. 

In the process of testing ths electro-etching 
solutions, further measurements were taken on i-'olnt 1. 

(l-O, 1-H, 1-J.) In addition, measureraont of Tolnt 
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(Figure XII) vs« made, fhe stress obtained for iolnt 5 
indicates the extreme gradient present in the transverse 
direction. Thle gradient serves to explain the higher veluos 
for stress at Point 1, ss determined by measurement* 1-rt 
and 1-J. fhe points actually messured were probably some- 
what off-center. This demonstrates the necessity of 
estsbllehtn^f the point of me* su’^ment aecurf tely *nd of 
accurately wimlng the Incident x-ray heem. Only whan 
these posltlonlngs can ba acooapllshed with precision o*n 
we expect reproducibility of results and deteimlrwtlon of 
stresses across steep gmadlents. The unit used in thla 
investigation did not permit such precision posltlonlngs. 
Contritaitlng to this ln»ocun»cy in positioning was the 
violation of the mount Introduced through the flexible 
shaft from the motor to the oscillating raechsmlem. In the 
design of X-ray stress raessurement equipment, it is neces- 
sary to provide a stable mounting for the X-rsy tube. 

Further, provision must be made for miorometer adjustment 
of the tube and mounted camera in three dimensions with 
respect to the foundation to permit accurate positioning. 

The attainment of the necessary stability of 
foundation while rarlntAinlng portability is the only fore- 
seeable difficulty in the design of X-ray equipment for ship- 
board measurement. The unit requires only 110 V. a.C. and 
a supply of cooling water, «ervloeB which are generally 
available. There are presently on the marhet co^arclal 
fonns of portable electro-polishing units entirely self- 
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oontalned which could be adapted to work, .xsxe fur^ 

ther etudy 4 tnd detaiiled design developaent ehould produce 
a portable unit hsvin{j all the fe-tures ladle* C«>i neces- 
sary by our experience. 

rile aessureaents taken at J'oint 1 (l-R, 1-M), 
ualng the combln*> tlon of etch exii electro-polish, gave 
values consistent «lth those obtained using the accepted 
method of etch, hf-rvi polish, and etch. This aesion at rated 
that these meaeureaentfe. <-«r« true vrluec of the stress In 
the plate within the ccuracy of the method. A® indicated 
by Figure XIII, eccui’Rcy throughout the investlgetlon was 
within t 1500 psl. 

Ihls points out the fact that the error In the 
X-ray method la dependent upon the error In reading the 
distances between the dlffi'eotlon lines. Ihls error In 
reading bears no relation to the distance between the 
lines, the reading error being of oonstant magnitude. 
Therefore, regardless of mngnltudea of stresses measured, 
the error la constant. Thus, on a percentage twisls, the 
error decreases as the me* #ured magnitudes Increase. The 
method lias smell percentage error at high values and 
larger percentage error a# '••galtudea decrease. 

With the ''bove accuracy limitations in mind, the 
values of the stress at the points indicated In Figure XIV 
an^ XV are considered good, «lth the exception of Joints 10 
end 17. Since both of these Indicate compressive stress, 
longitudinally and transversely. It Is suspected that cold 
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worked iuftteriel exlste at these points, either surface 
preparation has not progreesed deeply enough or the 
laaterlal is cold '•orked all the way through. Further 
investigation would seea desirable here. 

It should be reiterated that the prime purpose 
of this investigation was not to investigate the stress 
distribution in « stiffened plate. This would have been 
a sufficient problem for an Individual thesis, ‘t-sther, 
the plate served as a unique model having features which 
would best demonstrate the advantage of the X-ray method. 

From the experience gained in conducting this 
investigation, we can draw certain conclusions regarding 
the advantages end disadvantages of using this -'i-ray 
teohnlo.ue, Ag previously mentioned, the method has long 
been established in determining residual stresa since no 
unstressed raeasureaent Is required, nils is particularly 
true when destruction for relief of such residual stress 
is impossible* In addition, inasmuch as the interatomic 
spacing la involved, the method determines the elastic 
stress even though plastic flow may have occurred. Any 
strain gage menaureaent could not make this distinction. 

The small size of the X-rsy bean permits measurement of 
streee over an area far smaller than normal strain gages 
will permit, a definite feature in the caee of steep strees 
gradients such as existed in our model. These features 
present a good case for the use of the method. 
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It ie *l«o obvioue th«5 1 certain Inherent di«- 
edvAntfligss exist* rhe sccurecj of the method is 
dependent upon the ftccureoy with whloh dlotsnoee between 
the diffraction lines can be reed* The sharper the line, 
the laore acouwte ie the stress de term inat ion. since the 
sherpness of the lines depends uyjon the gTOln site of the 
aetal, eccurscy likewise depends on grsln size. Scours cy 
thus would be a function of the phyelcal «t«te of the 
aetsl cospesing the stznjioture end consideration mist be 
glren to thlse in s;jplying the method. It should be 
noted, however, that the plate employed In this Invssti- 
gation was taken from the normal stockpile of a naval 
shipyard and diffraction lines were exosllent. Initial 
cost would be high for equipment, but certainly not 
prohibitive. Inasmuch as photogra;)hlo means ars employed 
to record the diffraction lines, certain amounts of tims 
are required. Exposures of about 12 minutes were used 
throughout this investigation. A time factor far greater 
than that in strain gage methods thus exists. ^‘'Inally, 
only surfacs stressss can oe reasonably measured end to 
an accuracy which, on a percentage basis, Increases as 
magnitudes increase* These factors constitute the negative 
case* 

In considering the above factors, it bscomes 
apparent that several of the dlsadvantagte cannot be en- 
tirely overcome at the present stsge of development of 
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the method. Hovever, It li equally spu>»r?»nt thet they 
are not dlequallfylng. Furthermore, no disqualifying 
feature In the technique wae uncovered by our procedures 
for iriilch «re could not foresee e possible solution by 
proper design of equipment or development of field tech- 
nique. Therefore, we ere led to the positive ooncluelon 
that the method is entirely feasible for use In analyzing 
naval structure. In fact, the definite advantage of the 
method In analyzing actual naval structures subjected to 
loadings which cannot be reproduced In models end the 
analyzing of metal models of high degree of Indeterrol nancy 
without resorting to plastics and photo- elasticity make 
the method worthy of consideration. 
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1. The X-r»y diffraction method of stress mcaeurement ia 
entirely feasible for use in analyzing nov%l *tructur»fl, 

2, fne (Method is particularly fcj^pllcsol* to the •in^lycea 
of naval atructurec which ere subjeotad to lo«diri^8 »hlch 
cannot be reproauced in models end to lyses of m^tal 
“jodels of a nijjh degree of indetertiiniificy, 

3 . The meth: 0 -< offers the following; •d¥* nteges; 

(a) Peterminstion of absolute msgnitudoB of 
elastic stress without raeasuraraent in the 
unstressed condition, 

(b) Determine tion of stress over » small area, 
approxlmetely one-eighth of an inch in 
diameter, presenting a distinct advantage 
in the c-'‘f.e of steep stress gradients, 

4, The method presents the following disadvantages; 

(a) ilequireaent of fine grain slxe In the me tel 
comprising the structuj’e being measured to 
attain accuracy, 

(b) Lesser value of sccuracy on a percentage 
basic at lower stress magnitudes due to 
oonstnnt magnitude of error, 

(c) Hequlresent of grea ter time for measurement 
procedure than that required for strain gage 
measurement. 
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(d) i-lalt.'tlon of the stress voluse determined 
to the surface of the material raei»8ured. 

5. fhe stress distribution in » plate In the viotnliy 
of a welded stiffener Is a hlighly complex one with & 
steep transverse gradient. 

6. -•’resent aetnoda of surface prep*rc.iion give aoourate 
results, but are too long end laborious to be feasible in 
field use. fhe method employed In this Investigation, em- 
ploying & drastic nitric acid etch followed by electro- 
polishing, gives accurate results and is a satisfactory 
method for field use. 

7. To adapt tha X-ray method to use in naval sti*uctures, 
equipment must be specifically designed to such use. 
Partlculor features which must b® incorporated into the 
design wreJ 

(a) i^rovlsion of micrometer adjustment of tube 
and oamexw with respect to the foun>atlon 
to permit accurate positioning. 

(b) Provlelon of stable mounting and self- 
contained oscillating unit to tvold vibration 
of the incident x-r««y be*m. 

Present oomraerclal portable electro-polishing units oan 
be employed. Wo service not already at hand aboard ship 
is required. 



|(»J. !•/• M0 ** ¥^-mt\ * *t **V-^*:2lW4i* A**TJ» M<f 

• <4a* <|iJLi>tu » «: jaAXvr # To 

. * i****^**^^* iQiMt 

.4mV^ 1.' ,-^i.?*- itifmt^w ,'p 

tj. •.rc^A fC a |i«l •«« «M Ito ,csl4'»r« 

%4ir mi «»i .»t9 LX»n 

f^CAO^ ^1^4 ii«»ik f ,fjr> 9 

« #1 (V». */ .j^»S ««£«*• «c’4* •• flji ,A'.*i.4i« I99 

.•«»< hJL*41 •««■ 6«»4n 

t#o iidMn£) t^v « ^0^«a V^”*' W-' #T .? 

.••* ^*-^^# oi 4< f*i0 

*** *•• O -• ■ •- ?**»“ t*fr,<-9w 90%h*'V^ \^mw^\^ 

•tru l9i4«A 

rmjft m,^ < i j4 

•»< - <^«tJ*ra 

MA ♦ c-»«f, 1c OOttiVAt^ <»>'' 

41C4« s >ut< MJ.- itiMt f^»fi«.04,» 

ffV»A f»b^-J.,fi' ’!.• 

M •#4%4. , 4j..«f<9> '* 4 b««*TV 

>1I4IB r* IF^ l iJ^/ <»!f M 



•^4rtl<)'««r9 «J 



HrXO.: 



1. Th« single eleotro-etch piK)ce88 of surf see preps ration 
holds promise for Biniraltlng the time and effort in this 
phase of the A-r«y method, a oontinuano* of research to 
develop a method and a sultaole electrolyte Is rec«i*-end«d. 

2. An Pttompt at tho design of eaulpraent expressly for 
^v-ray diffraction stress neaaureaont is recommended. The 
possibility of counting three tubes so aimed as to obtsln 
the perpmdlcular, and the two an^^le exposures simultane- 
ously, sugi/ested Itself to the authors, fime required 
•would thus be cut to one-third the present time. In 
addition, an electro-polishing unit capable of polishing 
surfaces at any angle, Including overhead, vfould oe re- 
quired, Actual details of sultj‘ble eruipment, compact 
for easy portability, will require attention snd develop- 



ment 
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X-jiADlAflON 

X-redlation from a target metal consists of a 
continuous spectrum over a wide range of wavelengths with 
a superimposed line spectrum of high-intensity single 
wavelength components, such as is indicated in Figure XVI. 
Only after a certain critical voltage, unique with each 
target metal, is surpassed, will the chf racteristic lines 
appear. The Intensity of these lines varies directly as 
the current through the generating tube and slightly less 
than the second power of the voltage applied to the tube. 
Each element has the same funda.mental pattern but the rela- 
tive position on the wave length scale is a function of the 
atomic number, heavier materials having the siiorter wave- 
lengths. Therefore, we have available high intensity 
characteristic rays of known wavelength from each metal. 
These rays are the ones used in X~ray methods of stress 
measurement. The series is limited at the lower range of 
atomic numbers by the fact that the long waves are absorbed 
by the X-ray tube windows while heavier elements give white 
radiation of such intensity as not to be useful when only 
single line radiation is desired. The normal range of "'ave- 
lengtha used is O .56 Angstrom units to 2.29 Angstrom unite, 
and metals giving these wavelengths are silver, molybdenum, 
copper, cobalt, iron and chromium. 
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The explanation for the development of the 



characteristic rays is based upon the conception of the 
atom as a central nucleus with shells of electrons 
(K,L,M, etc.) surrounding the nucleus. Kaoh shell exists 
at an energy level with the K shell immediately adjacent 
to the nucleus being at the highest eiergy level. The 
atom tends to remain in a state of minimum energy until 
energy is imparted to it from an outside source, i^en an 
electron stream is driven into the atom energy is imparted 
to the atom as a result of the ejection of an electron in 
one of the shells by the electrons in the stream. An elec- 
tron from an outer shell moves into the shell from which the 
ejection occurs. This constitutes a sudden reversion to a 
lower energy state of the atom, and the atom in the process 
throws out a unit of energy, a quantum, in the form of radia- 
tion, the frequency of which is shown by =» hf, where K is 
the loss in energy, h is i'lanck' s constant and f is the 
frequency. If a K shell electron is ejected, and the vacancy 
filled from the L shell, radiation results. If it is 

replaced from the » shell, radiation results, which 

differs from by an increment of frequency proportional 

to the difference between the energy levels of the L and ^4 
shells. Had the ejection occurred in the L shell, L-serles 
lines would develop. In Figure , such lines would be at 
longer wavelengths, because of the lower energy levels in- 
volved, and thus to the right of the K-serles lines shown. 
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Since the energy levels are discrete and ehsrp, 
the transitions between them give rise to eh&rp lines in 
the speotmam. However, there are complex secondary energy 
levels at each shell. The X- level is a single one Init the 
L level has three distinct levels and the is level five, 
fiepla cement of a vacancy in the a shell from the various 
L shell levels givee rise to a double K character! etic In 
the case of the cobalt radiation used In this work. It is 
shown in Figure XVI and can be noted In the photographs in 
Figures VI, VII, VIII, IX and X. 

DIFFAfvCiTIOil IHSQrlY 

Previous mention was made of the "scattering" of 
the X«ray beam by the atoms in the specimen surface. This 
phenomenon requires some eisplanatlon. ‘The beam of X-rays 
passing over an atom accelerates the atom into a state of 
vibration. Such oscillation sets Into motion a series of 
electromagnetic waves of the same frequency and wavelength 
as the Incident beam. 'This is "coherent scattering." When 
this radiation is superl •Jpoaed upon similar radiation from 
atoms in the same space lattice, reinforcement occurs and 
the diffracted beam is formed. "Scattering" is thus a 
transfer of radiant energy from the primary beam to 
scattered beams originating in the atoms of the ranterlal 
being measured. A second type, "modified scattering," 
occurs simultaneously, but has no bearing on stress aeaeure- 
aent. 
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'VAVaLrjAK^TH i^KTS 

In the Introduction it irss oointed out that re- 
inforcement of the wave occurred when 2d sin Q « nL. In 
the subseouent development, the first order of reflection 
wag assumed (i.e., n = 1) since this gives maxiraum intensity 
lines. 

Consider the relation: 

-4^ « tan © ^ e 
d 

In measuring the strain by determining the change 
in the incidence angle, the rnaximu'n sensitivity will be at- 
tained when tan 0 is iraximura and, therefore, when © approaches 
90 degrees. 

It is thus desirable to employ an X-radirtion of 
wave length approximating twice the interplsner distance. 

Since 

^ ’ aI 

2 Bq 

' -NThS k2 V 

This establishes the requirements for the wave- 
length of the X-ray to be used in any stress measurement 
application. 
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DETAILS Of PHOGEDUaE 



Since the X-rey tube used in this investigation 
was designed for uses other than stress meesuraments, it 
was necessary to mount the camera on the tube end to align 
it prior to stress meesurenents. Alignment was accomplished 
by measuring distances on a perpendicular picture taken 
of a specimen dusted with tungsten. Table HI gives the *s 

obtained in aligning the camera used. Directions are taken 
as one faces the camera. 

It was decided at the outset of the investigation 
to use the method of surface preparation proposed by Ersoz. 

The method consists of the following three steps: (l) a drastic 
acid etch ( 30 ,^ concentrated nitric acid in water), (2) hand 
polishing with polishing cloth to a smooth, bright finish, and 
(3) a mild nltal (6/^ concentrated nitric acid in alcohol) 
etch. The time Involved in each of the etching steps is de- 
pendent on the amount of surface material it is desired to 
remove. The amount of material to be removed is dependent, in 
turn, on the manner in which the specimen was manufactured. 
Sufficient material should be removed so that any surface 
stress caused in the manufacture of the specimen will be 
eliminated and loading stress alone will remain. 

The surface of the stiffened plate in the vicinity 
of the weld on the side opposite the stiffener was uneven due 
to the variable rate of cooling of the weld. This portion 
of the surface was ground flat by means of a 1/4-" electric 
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hand drill mounted with an emery disc. The grinding was 
done so that the camera might be more easily aimed. 

A 30-mple of the plate was used to calibrate the 
depth of cut obtained from the etching acids against the 
time of etch. The data thus obtained are given in Table II. 
Hand polishing following a strong acid etch of 10 minutes 
removes approximately 0.002**. 

Step (l), the drf Stic acid etch, leaves the sur- 
face pitted. If stress measurements were to be taken of 
the surface in this condition, the values obtained would be 
smaller than the stress actually present. The "hills’* left 
by the pitting are unable to have stress transmitted to them 
due to the lack of surrounding material. It is the stress 
at the tops of these hills that the X-ray beam measures. 

Step ( 2 ), hand polishing, removes these "hills** but at the 
same time cold v?orks the material. Thus, measurements taken 
after this step give results more compressive than the true 
values. Step (3)> ^ mild etch, reraovec the cold work caused 
by :hg polishing. Erooz investigations showed that this 
procedure resulted in stress values within the accuracy of 
the method. 

In using this surface preparation procedure it 
became apparent that the process was too long and laborious to 
be of prsctical use in the field. The fundamental require- 
ments of a surface preparation procedure are, first, that it 
remove a sufficient amount of material in a reasonable length 
of time, and second, that it leave the surface smooth, i.e.. 
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without ''hills’' and "valleys." With these requirements in 
mind, the possibility of using an electrolytic etch was in- 
vestigated. Standard electrolytic solutions used in 
electro-polishing were callbrated-time against depth. The 
results of this calibration are also shown in Table III and 
Figure XVIII shows a diagrammatic sketch of the electrical 
circuit used. This pi’oceiure did remove the material and 
reduce the labor Involved but did not reduce the time neces- 
sary in the preparation. Sufficient time was not available 
to investigate other than the standai'd electrolytic solu- 
tions. A combination of the acid etch and the electro- 
polishing, was then tried on the theory that the acid etch 
would remove the material and the electro-polishing- would 
remove the "hills" leaving a smooth surface. The results of 
the calibration of this procedure are shown in Table II. 
Since this technique fulfilled the requirements most satis- 
factorily, it was employed thi-oughout the remainder of the 
investigation. 

TABLE III 

CAIiSRA ALIGNMENT DATA* 

j. HORIZONTAL VERTICAL MOVE- 

Left Right Left Right 



1 


5.90 


5.7^ 


3.97 


3.96 




2 


p.g2 


6.05 


5.91 


5.90 




} 


5.94 


5.90 


3.90 


3.35 


O.K. 


4 


5.90 


5.95 


5.91 


5. S 3 


O.K. 



* Directions are taken facing camera. 
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giGyas XVIII 

etchingI circuit 



115 D.C- 



Q + 



^ Protective 
/ Resistance 



10.5 ,6.2“ 



0-50 




r 

To Cathode 




0-5* 



Y + 

To plate 



As ’TOs pointed out In the Procedure , the side 
of the angle film closest to the specimen Is used in 
determining A distance. It Is this side of the film 
which gives the sharper lines and, therefore, results In 
greater precision of measurement. In addition, the 
evaluation of the constant, F, involved the use of the 
angle y , Figure XI. The value of y used was ^5° 
resulting in a constant determined specifically for the 
near side of the film. 
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Dst«rmlnntlon of H for a tungsten ring of 50 rara. 
In dleaeter; 

Cobalt radiation: “ 1.7SS9 Angstroms 

Unstressed tungsten: « 3*16^7 Angstroms 

Heflectlng plane: h,k,l ■* 222 

23 ■> 50 ro® 



S 



2 ^ ram. 

°b „ 3.16^^7 

^22? “ ^h'-+k'^n'^ 



0.91357 



w 



L * 2 (1 sin te 

^ - T^4 - "•SWTS 
© « 7S® l ; iA ' 

2© « 1^6^ 50. S‘ 



tan 26 “ - ^ K »o. 

rt 



it ^ 



0.43 :p 09 



-57. 



mm. 



tlon of constf^nt F: 

E: 

“ 2(l-^V)H aeo^ e ten © ein^ ^ 



where 

a « 30 X 10^ psi 
V • 0.2s 
a « 57.^^595 

Heflectlng plane « 310 

» 2.S67 Angatroas 
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0*9^662 



d„„ . . 

8ln 8 = ^ « liIS2, . 0.9!56‘j75 

0 =s so. 6013° 

20 » 161.2026 

^ “ corroction for nornfel to reflecttnj^ plane 
(see i‘ ls:ur® XI ) 

« l§. gr .. ^ « 9.39S7O 



x^O 



V » 450 •<• -^ « p4.39S7 



eeo 20 =» 

scc^ 20 = 
ten 0 “ 

sin ^ ■ 

sin^ ^ » 



-0.10565 

0.0111576 

6.041361 

0.S130S65 

0.66111 



30 X 10^ 

~ 2(1. ?s) (0.0111576) (6.041361) (7r.T5iTrr( 57 .^4^ 

*-^^p. 7'S5.7 lb3./ln?/ffl?ti. 

Oetemlnotion of stressJ 
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